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Clinical Imperative {#Sec2}
-------------------

Acute myocardial infarction (MI), typically caused by coronary artery occlusion and ischemia, is a leading cause of death worldwide \[[@CR1], [@CR2]\]. MI leads to cardiomyocytes (CMCs) apoptosis and death \[[@CR3]\] and causes an irreversible loss of myocardium followed by the replacement of scar tissue \[[@CR4]\]. MI causes significant amounts of deaths but a reduction in myocytes number and cardiac pump dysfunction are marked in many of the survivors \[[@CR3]\].

The central cellular mechanism underlying the development of myocardial dysfunction is a decrease in the number of viable CMC, secondary to either acute ischemic injury or chronic apoptosis, and an inability of remaining CMCs to compensate for this loss through a hypertrophic response \[[@CR5]--[@CR7]\]. Heart failure after infarction occurs as a result of a process known as myocardial remodelling. This process is characterized by a myocyte apoptosis, CMCs replacement by fibrous tissue deposition in the ventricular wall, progressive expansion of the initial infarct area, and dilation of the left ventricular lumen. Another integral component of the remodelling process appears to be the development of neoangiogenesis within the myocardial infarct scar, a process requiring activation of latent collagenase and other proteinases \[[@CR8]\].

For those enough to survive MI, necrotic myocardium that might represent one billion lost CMCs provokes an inflammatory response and recruitment of local fibroblasts. In the next few weeks, a large, collagen-rich scar tissue forms in its place. The scar provides a rapid solution; however, it is a not contractile tissue. Indeed, cardiac scarring, though to be irreversible, weakens the heart while also increasing susceptibility to compensatory pathology, aneurysm, additional MI events, and organ failure \[[@CR1]\].

The endocardium stands out among all the heart tissues, as it shows the earliest responses yet seen after cardiac injury. Within an hour of local injury, endocardial cells throughout the heart take on a rounded morphology and show detachment from underlying myofibers. Concomitant with these morphological changes, endocardial cells induce the expression of developmental marker genes, raldh2 and heg, in an organ-wide manner by 3 h post-injury \[[@CR9]\]. Interestingly, this activation does not occur in the vascular endothelium, suggesting a distinct role of the endocardial endothelium in this response. Similarly, embryonic epicardial markers tbx18 and raldh2 are induced in adult epicardial cells as early as 1 day after injury, and become detectable around the periphery of the entire heart by 3 days post trauma \[[@CR10]\]. In the myocardium, GATA4 regulatory sequences are activated in ventricular CMCs located in the subepicardial compact layer of the entire ventricle by 7 days post-injury, before this signature localizes to regenerating CMCs. At different time courses depending on the cell type, these injury-activated expression signatures disappear globally and localize to the injury site, where they aid or indicate cardiac muscle regeneration, as described later \[[@CR11]\].

Many scientists and clinicians believe that MI patients represent the greatest potential beneficiaries from regenerative medicine, which aims to restore functional tissue through stem and progenitor cell manipulation. Indeed, the development of therapies that can facilitate survival or regenerative replacement of destroyed myocardium would be of enormous social and economic impact. Cardiac regeneration is a multidisciplinary research area, focus on exploring the physiology, stem cell and developmental biology, and biomaterial and tissue engineering as possible tools, with the ultimate goal of achieving regenerative medicine that can prevent or reverse heart failure. Given the poor cardiac regenerative capacity of adult mammals, considerable efforts have been made in attempts to somehow stimulate endogenous or transplanted cellular sources to create new muscle within the environment of an injured heart \[[@CR1]\].

Heart's Regenerative Capacity {#Sec3}
-----------------------------

### Heart as terminally defined organ {#d30e232}

The concept of the heart as a terminally differentiated organ unable to replace working myocytes has been at the center of cardiovascular research and therapeutic developments for the past 50 years \[[@CR12]\]. In the past three decades, the focus of molecular cardiology has been the identification of the signaling pathways regulating the activation and depression of genes implicated in the hypertrophic reaction of myocytes in physiologic development and aging or following abnormal pathologic states \[[@CR13]\]. In experiments performed, adult mammals were probed for the capacity to regenerate cardiac muscle after several models of injury, including MI, burning, freezing, mechanical injury, and chemical injury \[[@CR14]\]. Although CMCs are mononucleated and proliferative in the fetal mammalian heart, shortly after birth the vast majority of CMCs DNA replication occurs without cytokinesis or karyokinesis. Thus, most CMCs are binucleated with diploid nuclei in the adult mouse heart, and mononucleated with polyploid nuclei in the adult human heart \[[@CR15]\]. After this postnatal switch, it is rare for CMCs to enter the cell cycle. It was agreed that the key limitation to cardiac muscle regeneration is likely to be the poor ability of adult mammalian CMCs to enter the cell cycle and undergo division \[[@CR1]\].

The dogma introduced was that the heart survives and exerts its function until death of the organism with the same or lower number of cells that are present at birth moment. Accordingly, ventricular myocytes in humans are terminally differentiated cells, and their lifespan corresponds to that of the individual. The number of myocytes reaches an adult value a few months after birth \[[@CR16]\]. However, this assumption contradicts the concept of cellular aging and apoptotic cell death as well as the logic of a slow turnover of cells with time in the heart. Myocyte death occurring with age and the chronic loss of cells in the absence of myocyte multiplication would result in the disappearance of the entire organ over a period of a few decades in spite of the obvious facts and findings documenting activation of the cycle machinery, karyokinesis, and cytokinesis in a subpopulation of myocytes the resistance to a shift in paradigm has been enormous \[[@CR17], [@CR18]\].

### Static homeostasis vs. heart self-renewal {#d30e263}

Several reports have provided evidence that myocytes die and that new ones are constantly being formed in the heart at all ages in animals and humans \[[@CR16]\]. Both processes are markedly enhanced in the presence of disease states, and the imbalance between cell growth and cell death is a critical determinant of cardiac decompensation and its evolution to congestive heart failure and death of the organism.

Evidence challenging the accepted heart-concept has been slowly accumulating \[[@CR14], [@CR17]\]. In the past few years, it has been documented the existence of cycling ventricular myocytes in the normal and pathologic adult mammalian heart of several species, including humans \[[@CR17], [@CR19]\]. Early observations suggested that injury may influence the propensity for adult mammalian CMCs proliferation \[[@CR14]\] estimated that 22 % of CMCs in the human heart are renewed annually \[[@CR20]\]. With their calculations, 13 % of endothelial cells (ECs) and 20 % of fibroblasts undergo turnover each year in the heart, suggesting that CMCs have the highest renewal capacity among cardiac cell types examined in the study. Overall, these data suggest that the mammalian heart possesses a measurable capacity for renewal. It is not yet clear whether CMCs are renewed through differentiation from a stem/progenitor population or through cell division by existing CMCs \[[@CR1]\].

Although these data provided an alternative view of cardiac homeostasis, they also raised some questions because it required reconciliation of two apparent contradictory bodies of evidence: the well-documented irreversible withdrawal of cardiac myocytes from the cell cycle soon after birth on one hand, and the presence of cycling myocytes undergoing mitosis and cytokinesis on the other one. The results raised the question as to the origin of the cycling myocytes and their dramatic increase in response to an acute work overload \[[@CR17]\].

### Heart as a dynamic organ {#d30e300}

Several lines of evidence have suggested that the heart is a dynamic organ: myocyte-restricted overexpression of IGF1 \[[@CR16]\], telomerase \[[@CR21]\], cyclin D \[[@CR22]\], bcl-2 \[[@CR23]\] or cdk2 \[[@CR24]\] is associated with an increase in the number of CMCs and higher tolerance to pathologic conditions. Some groups report that the number of myocytes in the myocardium increases from birth to adulthood, and BrdU, MCM5, Ki67, or thymidine labeling of myocytes persists throughout life in rodents, indicating a continuous generation of parenchymal cells \[[@CR16]\]. It has been also suggested the dynamism of CMCs showing the regenerated myocardium was constituted by BrdU positive small myocytes, capillaries, and arterioles that appeared to mature over time. The myocytes expressed cardiac myosin heavy chain, α-sarcomeric actin (αSA), α-cardiac actinin, n-cadherin (n-cadh) and connexin 43 (Conn43) \[[@CR17]\]. On the other hand it has been assumed that proliferation by resident CMCs is the primary source mechanism for regeneration of the adult zebra fish or neonatal mouse heart. While the non-muscle injury environment likely contributes, intrinsic mechanisms must also underlie their regenerative capacity. CMC dedifferentiation is typically characterized by reduction of sarcomere structures and expression of fetal gene markers, and appears to be a shared mechanism associated with cardiac muscle regeneration \[[@CR1]\].

Today, it is assumed that myocyte regeneration occurs in humans and animals after infarction \[[@CR6], [@CR17]\], after prolonged pressure overload \[[@CR18]\], and in the senescent decompensated heart \[[@CR16]\].

Stem Cells for Cardiac Cell Therapy {#Sec4}
-----------------------------------

Myocardial repair requires the formation of myocytes and coronary vessels, and a cell already committed to the myocyte lineage cannot accomplish it. Myocytes would not grow or survive in the absence of vessels. Similarly, the utilization of cells capable of creating exclusively coronary vessels cannot result in significant tissue regeneration. In spite of an unsubstantiated and rather popular belief \[[@CR25]\], vessels alone do not generate force in an akinetic scarred region of the ventricular wall. Myocardial regeneration needs the administration of a more primitive cell that is multipotent and can differentiate into the main cardiac cell lineages: myocytes, vascular smooth muscle cells (SMCs) and ECs \[[@CR16]\].

It has been a long-term goal to find a method to increase the number of CMCs or to recover CMCs function after myocardial injury. Widely used candidate stem cells in experimental animal models have been embryonic stem cells (ESCs), induced pluripotent stem (iPS) cells, and somatic stem cells from various adult tissues as bone marrow-derived mesenchymal stem cells (BMSCs) and heart-derived stem cells \[[@CR3]\].

The immune regulatory properties of several populations such as MSCs, but also more recently other types of committed stem cells (c-kit, cardiac or lung SCs) have been demonstrated to be an important advantage for their use in cell therapy \[[@CR26]\].

Stem cell-based therapy holds tremendous promise in the treatment of myocardial ischemia due to their regeneration potential \[[@CR4]\]. However, cell therapy protocols, using different types of stem cells, have achieved partial and variable success \[[@CR2], [@CR6], [@CR17]\]. That is the reason why is necessary to understand potential features of different cell sources to develop a more efficient tool for cardiac cell therapy.

### Embryonic and induced pluripotent stem cells (ESCs & iPS) {#d30e379}

Embryonic stem cells (ESCs), described on humans by Thompson \[[@CR27]\] are the prototypical stem cells. They unambiguously fulfill all requirements of stem cells: clonality, self renewal and multipotentiality \[[@CR28]\]. ES are able to differentiate into any adult cells and can efficiently generate both functional beating mature CMCs and vasculature; however, their therapeutic use is hampered by associated teratoma formation and the need for an allogeneic source \[[@CR29]\].

Pathways involved on ES-cell differentiation and for heart embryonic development increases, ESCs differentiation could be controlled. Methods to limit teratoma formation include genetic selection of differentiated ES cells, or differentiation of ES cells *in vitro* into CMCs or ECs before injection \[[@CR29]\]; for example, it has been reported that tumour-necrosis factor promotes the differentiation of ES cells into CMCs \[[@CR30]\].

Because ESCs are able to differentiate efficiently into a cardiovascular cell types, their use may solve some problems related with low cell engraftment and lower differentiation into a cardiovascular cell types. From ESCs limitations and taking into account these ESCs features, iPS cells were develop as a new cell type technology.

iPS cells technology have been developed to avoid ESC-associated problems/minor points. iPS cells have been generated from a variety of human somatic and adult mice cells by ectopic expression of a small number of defined transcription factors, such as Oct3/4, Sox2, Kfl4 \[[@CR31], [@CR32]\]. These cells were demonstrated to be indistinguishable from ES cells in terms of DNA methylation, global gene expression, and more importantly, the development of viable chimaeras after being introduced into mouse blastocysts. All these studies imply that iPS cells can be used as pluripotent starting material to substitute ES cells and generate lineage specific, therapeutic cell types. In addition, the use of genetically identical, patient-specific iPS cells derived from patients' own somatic cells can overcome immunological concerns associated with allogeneic or xenogeneic donor cells in clinical applications. Recent efforts have focused on adapting ES cell-differentiation methods to iPS cells demonstrating that iPS cells can be differentiated into cells of the hematopoietic lineage \[[@CR33]\].

### Bone marrow-derived mesenchymal stem cells (BMSCs) {#d30e417}

BMSC stem cells derived from adult tissue and they are identified as an adherent, fibroblast-like population. Although originally MSC were isolated from bone marrow, these cells have been isolated from many other tissues as skeletal muscle, adipose tissue, umbilical cord, amniotic fluid, lung, etc. MSC are able to differentiate to osteoblasts, adipocytes as well as chondrocytes. It has been reported the capacity of MSC to secrete different factors that promote tissue, repair in a paracrine way, stimulating cell proliferation and tissue-resident progenitor differentiation and decreasing immune response \[[@CR34]\].

BMSC like hematopoietic stem cells \[[@CR35]\] and mesenchymal stem cells \[[@CR36]\] were thought to differentiate to cardiac muscle and contribute to functional recovery after MI. BMCs were injected in the border zone of a myocardial infarct or were mobilized systemically into the circulation with cytokines. Both interventions led to the repair of the injured tissue and the formation of functionally competent myocardium in mice \[[@CR35], [@CR37]\].

It has been also proposed the fusion of BMCs with CMCs as a new alternative mechanism. However, although occasional examples have been reported in the normal heart, cellular fusion between BMCs with CMC remains an *in vitro* phenomenon \[[@CR38]\]. Therefore, that was assumed at that moment was the several million myocytes formed in the infarcted mouse heart by injection of BMCs are the product of BMC differentiation and not cell fusion \[[@CR35], [@CR39]\].

However, results from subsequent studies indicate that these cell types may contribute to cardiac muscle survival/repair by indirect paracrine mechanisms improving myocardial function after ischemic injury through the release of protective factors \[[@CR4], [@CR40]--[@CR42]\], as opposed to direct differentiation into myocardium \[[@CR40]\].

### Heart resident stem cells {#d30e467}

Until recently \[[@CR43]\], the heart was originally thought to be entirely composed of terminally differentiated CMCs that withdrew from the cell cycle shortly during the perinatal period as well as the mammalian heart is a terminal post-mitotic organ without self regeneration capacity after myocardial injury \[[@CR44]\], and that cardiac injury caused permanent myocardial loss coupled with cardiac dysfunction \[[@CR45]\].

However, this paradigm has been challenged by the work of Beltrami and colleagues \[[@CR17]\] who for the first time, discovered specialized cells within the heart tissue expressing stem cell markers (ckit, Sca1 and Mdr1). These cells, known as adult cardiac stem cells (CSCs), show the stem cell criteria including self-renewal, clonogenicity, and multipotency \[[@CR44]\]. Accumulating studies have recently demonstrated that adult hearts contain a small number of cells expressing stem cell markers (Sca1, ckit, etc.) \[[@CR2], [@CR17], [@CR46], [@CR47]\]. So far, several research groups have reported the isolation of cardiac stem like cells from various species such as mice, rat, dog, pigs and human hearts based on the cell surface antigens, stem cell antigen 1 (Sca1 \[[@CR2], [@CR46]--[@CR50]\], Abcg2 \[[@CR51], [@CR52]\], and ckit \[[@CR6], [@CR7], [@CR17]\].

It has been described at least 7 different types of CSCs, including the pan-stem cell marker ckit + cells \[[@CR17], [@CR53], [@CR54]\]; the cell surface marker stem cell antigen Sca1 + cells \[[@CR2], [@CR48]\]; the transcription factor Isl1+ cells \[[@CR5], [@CR55]\], the cardiac side population that possess physiological properties to efflux fluorescent dye (Abcg2+/Mdr1+) \[[@CR52], [@CR56], [@CR57]\], the cardiac mesoangioblasts \[[@CR47], [@CR50]\], the cardiosphere-derived stem cells (ckit+/Sca1+/Flk1+) \[[@CR7], [@CR58]\], and the epicardial progenitors \[[@CR59], [@CR60]\] have been isolated and characterized from hearts by different laboratories \[[@CR54], [@CR61]--[@CR63]\].

Different CSC populations share and differ on some surface markers expression. The Abcg2 or side population cells also express Sca1 and ckit, yet the latter is described as being low \[[@CR51], [@CR52]\]. Also, some of the isolated Sca1+ cells are also positive for ckit \[[@CR48], [@CR64], [@CR65]\] and likewise for the ckit + cells \[[@CR7]\]. However, some Sca1+ cells are negative for ckit \[[@CR2]\]. These differences and similarities in phenotype bring into question whether they are all exclusively different or actually of the same population of cell yet selected and identified at different physiological states \[[@CR66]--[@CR68]\]. It could be that there exists a single CSC that expresses all of the markers identified depending on its developmental transition pathway. Although, the origin and the function of these cells remain unclear, different putative adult CSCs most likely represent different developmental and/or physiological stages of a unique CSC population in the adult mammalian heart \[[@CR69], [@CR70]\].

Besides the characteristic surface markers, several CSC express some transcription factors such as GATA4, Nkx2.5 and Mef2, together with the small amounts of sarcomeric proteins in the cytoplasm. This phenotype strongly suggests that these cells clusters represent amplifying myogenic precursors and/or progenitors derived from the activation of a more-primitive stem cell. The expression of transcription factors associated with early cardiac development, such as GATA4 and Nkx2.5 and particularly, the expression of cardiac-specific sarcomeric proteins by some of the cells in each cluster, is strong evidence in support of their cardiac myogenic potential and, most likely, of their cardiac myogenic fate suggesting that CSC might be cardiac pre-commitment \[[@CR17]\].

CSCs are stored at niches and the niches control the physiological turnover of cardiac cells and the growth, migration, and commitment of CSCs that leave the niches to replace dying cells within the myocardium throughout life \[[@CR18]\]. CSCs are involved in the renewal of myocytes, ECs, SMCs a fibroblast located on the heart \[[@CR6], [@CR17], [@CR46], [@CR47], [@CR54], [@CR66], [@CR71]\].

The origin of these primitive cells, their presence in normal and pathological hearts, together with the identification of some of them having initiated the CMCs gene expression program, is suggestive that they might be true CSCs that give rise to the cycling myocytes detected in the adult heart. If this were the case, their manipulation might provide the opportunity to stimulate myocardial regeneration with endogenous cells. Cells with the characteristics of myogenic stem and progenitor cells are present in the adult myocardium. The identification of these cells opens the possibility that they might be coached *in vivo* to home within the damaged myocardium, subsequently promoting functional cardiac repair without the need of introducing exogenous cells \[[@CR17]\].

Heart-derived Progenitor and Stem Cells Populations {#Sec5}
===================================================

ckit + Cardiac Stem Cells {#Sec6}
-------------------------

### ckit + cardiac stem cells {#d30e671}

The ckit+/Lin- cells represent one of the major CSC populations found in the heart \[[@CR63]\]. As CSC has been identified and characterized in the heart of rats \[[@CR17]\], mice \[[@CR2], [@CR48], [@CR51]\] and dogs \[[@CR6]\], ckit + CSCs have been extensively examined, in terms of stem cell characteristics, and consistently exhibit several *in vitro* characteristics that define a "stem cell" \[[@CR72]\]; being clonogenic, self-renewing, and multipotent. Resident ckit CSCs have been found to be most abundant in hearts of neonates \[[@CR73]\]. However in adult human heart, the number of ckit + cells in even lower 0.01 % \[[@CR54]\]. Not only on children but also on adults, these cells are present in highest number in the right atrial appendage \[[@CR73], [@CR74]\]. ckit + cells isolated from heart have been suggested to differentiate to not only endothelial and smooth muscle lineages but also to cardiac lineage after infarction \[[@CR75]\]

Moreover, cardiac lineage markers expression before and after differentiation process is controversial \[[@CR44], [@CR76]\]. The ckit antigen, which is a tyrosine kinase receptor \[[@CR75]\] is expressed primarily hematopoietic stem cells, but its expression disappears in cells of hematopoietic lineage after differentiation, except on mast cells. In fact, it has been recently suggested that ckit + cardiac progenitor cells isolated from human heart tissue are actually mast cells \[[@CR77]\]. Similarly, it is unclear whether or not the ckit population is contaminated by other cells such as the cardiac fibroblasts, mast cells or hematopoietic lineage cells and whether the expression of ckit remains stable after tissue processing and long-term cell culture (Table [1](#Tab1){ref-type="table"}).Table 1Heart-derived progenitor and stem cells populationsCardiac progenitorMarkersFate differentiation potencyCardiac differentiationOnce differentiated*In vivo* outcomesUsed on clinical trialckit + Lin-ckit + Lin-CMC5′ azacytidine dexamethasonaCMC markers sarcomera action potentialImprove cardiac recovery and functionality+CD31+ Nkx2.5+SMCMef2c + GATA4+ECSca1+Sca1+ ckit-CMC5′ azacytidine oxytocinCMC markers sarcomeraHome to infarcted area and differentiate−CD31+ Lin-Mef2c + Nkx2.5+Isl1+Isl1+ Sca1-CMCNeonatal CMC cocultureCMC markers sarcomera action potential Ca^2+^ transmissionNot determined−Nkx2.5+ ckit-SMCGATA4+ Mef2c+ECCardiac mesoangioblastsSca1+ ckit + Isl1+CMCNeonatal CMC coculture 5′ azacytidineCMC markers sarcomera action potential beatingImprove cardiac recovery and functionality−Nkx2.5+ GATA4+Mef2c + Cn43+Side populationsAbcg2+ Bcrp1+CMCAdult CMC coculturemyocyte molecular and functionality propertiesNot determined−Sca1+ ckit+Nkx2.5- Mef2c+Cardiospheresckit + Sca1+CMCNeonatal CMC cocultureCMC markers sarcomeraIndirect paracrine effect−SMCcTnT + Cn43+ECEpicardial cellsckit+No diff. contribution to epicardial lineage−−Migrate to infarcted area & differentiate into cardiac progenitors−WT1+

Sandsted and colleagues report that once cardiac biopsies were dissociated, by flow cytometry it was identified two ckit cell populations based on the CD45 expression, expressed primarily in hematopoietic cells. CD45-/ckit + population was found to co-express the endothelial progenitor marker CD34 as well as CD31. On the other hand, CD45+/ckit + cells were negative for CD34 and CD31 but expressed CD33 mast cells marker. It was also reported all of them were negative for CD133, Abcg2, Mdr1 as well as Sca1 \[[@CR75]\]. Markers lineage expression data are even more conflicted. For instance, Anversa and colleagues reported that human ckit + cells, do not express all the cardiac lineage markers such as GATA4, Nkx2.5, Mef2c, α-SA, α-smooth muscle actin (α-SMA), CD31, and Kdr before differentiation as measured by flow cytometry; whereas 4--23 % of the un-fractional cell population after isolation was found to be positive for these markers \[[@CR54], [@CR55], [@CR78]\]. In their recent study, they reported a similar lack of expression of cardiac lineage markers, except for Kdr, which was found to be expressed in 3 % of ckit + population \[[@CR78]\]. In contrast, Itzhaki-Alfia et al have reported that the un-fractioned adult human CSCs are positive for GATA4+ (60 %) and cardiac α-SA + (60 %) even before ckit purification \[[@CR74]\]. In neonatal hearts and heart tissue from young children, however, the percentages of ckit + ranged from 5 %--9 % and only small percentage (1 % to 3 %) of ckit + cells were double positive for Nkx2.5 + \[[@CR44], [@CR73]\].

Because ckit+/Lin- cells are pre-committed resident CSCs, it is likely that they exist in heart in various stages of development and therefore they express cardiac lineage markers. Published data on human support this hypothesis. During early heart development ckit + and Nkx2.5+ were co-expressed in some CSCs with relative lower levels in children 2 to 13 years \[[@CR73]\]. In adult hearts, however, several different populations of stem cells committed to the cardiac lineage have been identified. These include (a) pre-committed CMCs co-expressing ckit+/Nkx2.5+, ckit+/α-SA+, ckit+/α-SA+/Nkx2.5+, ckit+/Mef2c+, ckit+/α-SA+/Mef2c + in CSC niches of tissue sections of rat \[[@CR17]\], mouse \[[@CR79]\], and human hearts \[[@CR54], [@CR71]\]; (b) pre-committed endothelial progenitors co-expressing ckit +/vWF+, ckit+/Kdr+, ckit+/vWF+/Kdr+; and (c) pre-committed SMCs co-expressing ckit+/Kdr+/α-SMA + in vascular niches of human hearts \[[@CR17], [@CR54], [@CR71]\]. Identify these cells after dissociation it could be possible due to several types of pre-committed CSCs at various differentiation stages co-exist in the adult heart, as it has been suggests by some studies. However, because technical reasons, the actual number of each type of pre-committed CSCs within the entire heart has not been reported \[[@CR54]\], although their abundance has been presumed to be low. Interestingly, Hong has reported the development of a highly sensitive and accurate method to quantify the absolute number of murine CSCs after transplantation \[[@CR80]\].

It has been reported variable levels of ckit + expressions in cultured cells before purification and differentiation. Beltrami et al \[[@CR17]\] found that the percentage of ckit + cell was 7--10 % in cells isolated from the rat heart; but in cells isolated from the adult human right atrium, nearly 20 to 40 % of the cells \[[@CR54], [@CR74]\] were found to be ckit+, similar finding described by He \[[@CR44]\] that 10--40 % of the cells in isolate were ckit + before purification and differentiation. Characterization of early myogenic transcription factors of CSCs isolated from human heart has shown that 60--66 % \[[@CR74]\] or 59--61 % \[[@CR54]\] of the cells were GATA4+ whereas 60--61 % \[[@CR74]\] of the cells were also positive for the late cardiac marker (α-SA). As well as were found that nearly 50 % of cells were positive for both ckit and GATA4. However, the abundance of ckit + cells expressing Nkx2.5, α-SMA, and α-SA was low \[[@CR44]\]. D'Amario et al have suggested \[[@CR78]\] that ckit + CSCs could be classified, based on cardiac lineage makers and their capacity for differentiation, into two groups -- the "myogenic CSCs" (mCSCs) and the "vasculogenic CSCs" (vCSCs). This classification was based on their data showing that most of the mCSCs became CMCs, whereas the vCSCs differentiate primarily into endothelial and SMCs \[[@CR78]\]. However, in their study, before differentiation, the ckit + cell population was negative for the cardiovascular markers such as GATA4, Nkx2.5, Mef2c, α-SA, α -SMA, CD31, and TGF-β-1R, and only a small percent of cells (3.3--1.1 %) were positive for Kdr, as determined by flow cytometry \[[@CR54], [@CR71], [@CR78]\]. This is no consistent with the previous study using the same technique \[[@CR54]\] or the results obtained by other investigators \[[@CR44], [@CR73], [@CR74]\]. Hence, the extent of differentiation of human CSCs in situ or before *in vitro* differentiation remains unclear.

Cardiac lineage differentiation of ckit+/Lin- cells have been studied by various groups using either chemical reagents, such as Dexamethasone, or co-culture with neonatal or matured CMCs \[[@CR61]\]. It has been reported that treatment with Dexamethasone results in the appearance of cardiac markers (GATA4, Nkx2.5, Mef2c, and cardiac α-SA) in 50 % of mCSCs, whereas 10--15 % of the cells show smooth muscle and endothelial markers (GATA6, α-SMA, CD31, and vWF) after differentiation \[[@CR78]\]. On the other hand, 40 %--50 % vCSCs became positive for smooth muscle and endothelial markers (GATA6, α-SMA, CD31, and vWF), and small percents of them (10--15 %) showed positive for cardiac markers (GATA4, Nkx2.5, Mef2c, and α-SA) after differentiation \[[@CR78]\]. The group of Bolli shown that 5′azacytidine treatment \[[@CR49]\], results in a majority (70 %) of ckit + cells differentiated into CMCs, but small percent (30 %) of ckit + cells became SMCs and ECs \[[@CR44]\], demonstrating more efficient CMC differentiation has been reported than before \[[@CR78]\].

Cardiac Progenitors Isl1+ {#Sec7}
-------------------------

This postnatal cardiac progenitor express LIM homeodomain transcription factor Islet1 (Isl1) \[[@CR5]\]. Isl1 cells were reported to be a distinct population of cardiac progenitors identified in embryonic and neonatal mouse and human hearts, but their existence in the adult heart is still unclear \[[@CR5]\]. Cardiac progenitors express high level of early cardiac specific transcription factors, such as GATA4, Mef2c, Isl1, etc \[[@CR81], [@CR82]\].

It has been reported that embryonic multipotent Isl1 cardiovascular progenitor are clonogenic as well as self-renewal and they are able to generate the major three cell types of the heart \[[@CR83]\].

It has been suggested that the Isl1+ cells has been improperly presented as a new CSC and claimed to be important for the reconstitution of the adult damaged heart \[[@CR5]\]. It has been known for quite some time that the Isl1 transcription factor is present in cells that are implicated in the morphogenesis of the embryonic mouse heart \[[@CR84]\]. The homozygous deletion of Isl1 results in developmental defects of the right ventricle, atria, and outflow tract. It is surprising that Isl1+ cells have been interpreted as a distinct population of CSCs, because the expression of Isl1 corresponds to the onset of myocyte commitment; Isl1, together with GATA4, is a transcriptional activator of the myocyte transcription factor Mef2c \[[@CR85]\]. Moreover, the expression of Isl1 in progenitor cells clustered in the niches or scattered throughout the atrial and ventricular myocardium of the adult mouse heart is, at best, extremely rare. Isl1+ cells are restricted to the embryonic fetal heart and are no longer present at birth \[[@CR86]\]. Similarly, Isl1+ cells have not been detected in the failing human heart, calling into question the role of these cells in cardiac pathology. Even during development, Isl1+ cells are not implicated in the formation of the left ventricle. Thus, there is no basis for the conviction that Isl1+ cells are truly CSCs or are relevant for treatment of the diseased human heart \[[@CR5], [@CR66]\].

Cardiac Mesoangioblasts {#Sec8}
-----------------------

Cardiac Mesoangioblasts are vessel-associated mesenchymal stem cells that derived from embryonic dorsal aorta \[[@CR47], [@CR87]\], postnatal aorta \[[@CR88]\], heart \[[@CR46], [@CR47], [@CR50]\], skeletal muscle \[[@CR89], [@CR90]\] and are able to differentiate efficiently into a mature CMCs \[[@CR47]\]. It can be passaged and expanded *in vitro* indefinitely. These studies indicate the presence of a population of stem cells with a common morphology and plasticity residing in multiple tissues, similar to mesenchymal stem cells (MSCs) and multipotent adult progenitor cells.

Cardiac mesoangioblasts are CD44+, CD34+, CD31+, ckit+, sca1+, Isl1+, Abcg2+ and CD45-. They already expressed some cardiac markers as GATA4/6, Nkx2.5, Conn43 in proliferative conditions, while they increased actinin as well as cardiac troponin in differentiation conditions \[[@CR47], [@CR91]\].

Mesoangioblasts are able to differentiate into cell types of mesodermal origin, including smooth, skeletal, and cardiac muscle, adipocytes, bone, and blood \[[@CR46], [@CR47], [@CR87], [@CR88]\], besides into myelinating glial cells (oligodendrocytes) by ROCK inhibiting using fusimil \[[@CR91]\], and regenerate damaged skeletal muscle in a murine model for Duchenne muscular dystrophy \[[@CR90]\].

The central niche of this population is associated with vessels and they could be considered as a subpopulation of undifferentiated pericytes. The pericytes are the second most frequent cell type in the heart. It is, thus, somewhat remarkable that it has aroused relatively little interest in basic cardiovascular research. They were described for the first time by Carl Josef Eberth in 1871 and so named by Karl Wilhelm Zimmermann 52 years later \[[@CR92]\] .

Sca1+ Cells {#Sec9}
-----------

Sca1+ adult cardiac stem cells derived from mouse were isolated by the group of Schneider \[[@CR2]\]. Sca1 is a member of the Ly6 family of antigens expressed during developing of murine T-cells, as well as in murine vascular endothelial and bronchiolar lung stem cells. A human analogue to the murine Sca1 antigen has not yet been identified, however Sca1+ cells have previously been identified in the human heart using antibodies against the murine antigen \[[@CR75]\]. Sca1+ progenitors seem to be a heterogeneous cell population composed of haematopoietic, mesenchymal, endothelial and cardiac progenitor cells \[[@CR2]\].

Sca1 progenitors represent 2 % of cardiac cells and 15 % of the myocyte fraction \[[@CR48]\]. In culture, just 3--4 % of Sca1+ cells shown sarcomeric proteins, and the *in vivo* delivery of these leads to modest cardiomyogenesis by fusion with resident cells \[[@CR48]\]. After oxytocin exposition, Sca1+/CD45 progenitors express cardiac transcription factors and contractile proteins organized in sarcomeric structures \[[@CR93]\]. This cell population has the property to differentiate into CMCs after 4 weeks on a 5′azacytidine treatment \[[@CR2]\]. In permissive media, Sca1+ progenitors are able to differentiate into SMCs, ECs, osteocytes as well as into adipocytes \[[@CR66]\].

Sca1+ progenitors role in cardiac homeostasis has not been yet defined, but some evidences strongly suggest that myocyte turnover is almost exclusive regulated by ckit + CSCs \[[@CR18]\].

Monolayered Sca1+ progenitor sheets located at necrotic myocardium prevent negative remodelling and improve cardiac functionality \[[@CR2]\]. This property raised the possibility that cell transplantation acts through humoral factors release that could activate endogenous CSCs.

Cardiospheres {#Sec10}
-------------

Cardiospheres are progenitor cells expanding in non-adhesive substrates organized in groups forming like-sphere floating structures derived from endomyocardial biopsy specimens \[[@CR58]\]. Cardiospheres contains a core of ckit + primitive cells, some layers of cells at different level of differentiation that express some myocyte proteins such us Conn43 and an outer layer of mesenchymal stromal cells \[[@CR66]\]. Cardiospheres can self-renewal and are able to differentiate into CMCs by co-culture with postnatal CMCs \[[@CR7]\].

The regenerative potential of single-cell-derived clonal ckit + cell \[[@CR54]\] and ckit + cells sorted from cardiospheres \[[@CR94]\] is not the same, probably due to cardiospheres are composed by a heterogeneous cell population \[[@CR66]\]. It has been described a modified protocol \[[@CR58]\] more efficient than the original \[[@CR7]\] that allow to obtain higher quantity of cells for transplantation \[[@CR95]\].

Moreover, cardiospheres are understood as a *in vitro* reconstitution of the complex structure of the cardiac niches identified *in vivo*, due to it has been described the presence of Conn43 and gap junctions between uncommitted and differentiated cells, which seem to be like a supporting cells, on cardiospheres \[[@CR18]\].

For all of that, cardiospheres could be the ideal combination of primitive an early committed cells, but if the use of this already committed cells to myocyte, ECs and SMCs lineage is more efficient than a pure cell population of non-differentiated cells as CSC is unknown \[[@CR66]\].

Side-populations {#Sec11}
----------------

Side populations are identified by their ability to expel toxic compounds and dyes through an ATP-binding cassette transporter \[[@CR57]\], property that defines putative cardiac progenitor colony in semisolid media that are committed to myocyte lineage and are able to differentiate into a CMCs by co-culture with bulk populations of cardiac cells \[[@CR51], [@CR57], [@CR66]\]. Side populations are 4 % of cardiac cells on foetal heart of mouse, 2 % on neonatal heart and 1,2 % on adults.

This cardiac population are Sca1^high^, ckit^low^, CD34^low^, and CD45^low^, and are defined by Bcrp1. When these populations express CD31 are located on intimal wall vessel, or located on perivascular region or on myocardial interstitium if they do not express CD31. This side population express CD29 and n-cadh at the interface with myocytes and SMCs. After injury, although they generate mostly fibroblasts and SMCs, they are able to acquire the myocyte and ECs lineage. Cell side populations express P-glicoproteins, such as Abcg2, that are used to dye effluxing during postnatal developmental; and Mdr1, that is the responsible during adulthood \[[@CR66]\].

However, only cardiac side population Sca1+, CD31- show high cardiomyogenic potential \[[@CR66]\]. It has been describe that this progenitors are able to show myocyte molecular and functional properties \[[@CR96]\].

Epicardial Progenitors {#Sec12}
----------------------

Epicardial progenitors has been described as an alternative source of cardiac progenitor cells located at the epicardium, that derived from the proepicardium, an extracardiac transient structure, that is located near the venous pone of heart developing \[[@CR97]\]. Epicardium is essential for the maintaining of myocardial architecture, as interstitial fibroblast derived from epicardial-derived cells physically supports the sourronding CMCs and comprise a significant proportion of the myocardial wall \[[@CR95]\]. Proepicardial cells migrate from the proepicardium to the vascular heart tube, rising the epicardial sheet and the endothelial and smooth muscle layers of coronary vessels \[[@CR66]\].

The epicardial covering of the heart is an interesting candidate; indeed, this tissue has been implicated as a source for CMCs during mouse cardiac development \[[@CR1], [@CR59], [@CR98]\]. Proepicardial cells may not contribute directly to cardiomyogenesis but favor the expansion of myogenic precursors by paracrin effects \[[@CR76]\]. The epicardial marker WT1 regulates the epithelial-mesenchymal transition. WT1+ progenitors travel from the proepicardium to the myocardium where they form the epicardium and electrically coupled CMC \[[@CR99]\].

Besides, some studies reported that epicardial progenitor could mobilized after cardiac injury, and discrete signals such as retinoic acid, FGF and Thymosin b4 and Tbx18 transcription factor, which is involved on heart development, have been reported that trigger this response \[[@CR10]\] and also might rise to a fraction of CMC \[[@CR59]\]. Those results suggest the potential paracrine, non-cell-autonomous pathway to drive neoangioblast following cardiac injury \[[@CR95]\].

In the infarcted adult mouse heart, lineage-tracing experiments indicated that the epicardium does not differentiate into cardiac muscle; instead, epicardial cells contribute to the canonical epicardial lineage (epicardium, fibroblasts, SMCs, perivascular cells) \[[@CR100]\]. In the human heart it has been identified a ckit + epicardial progenitors that are accumulated in the subepicardial space at the ischemic cardiomyopathy context \[[@CR60]\]. This cell population migrates from the epicardium to the infarct zone, where they can proliferate and differentiate into myocyte precursors and vascular cells \[[@CR101]\].

Repair Strategies, Improvements & Future Directions {#Sec13}
===================================================

Heart is Definitely a Non-static Organ {#Sec14}
--------------------------------------

The existence of myocardial stem cells capable of committing to the myogenic lineage dispels the notion of the heart as a terminally differentiated organ without self-renewal potential and provides an explanation, as well as a biologically satisfactory context, for the existence of the cycling myocytes. The finding of ckit + cells have already activated the myogenic program in situ, their capacity to generate a progeny of millions of myocyte when injected into the ischemic myocardium as reported here, together with the small size of the cycling myocytes in the normal, pathological, and regenerating heart indicated that these cells are the progeny of the cardiac stem or amplifying cells that have not yet reached a mature and terminally differentiated state. All data strongly suggest that throughout adult life, the stem cells characterized here regenerate the myocytes lost by the normal wear and tear and go on overdrive in response to significant myocyte loss. This, the adult heart is composed of mainly terminally differentiated parenchymal cells that do no reenter the cell cycle, is not a terminally differentiated organ because it also contains stem cells that support its regeneration \[[@CR17]\].

Repair Process {#Sec15}
--------------

### Cellular repair process {#d30e1460}

Maturation and survival of myocytes invading the infarct is dependent on the availability of oxygen in the area undergoing repair. There are two prerequisites for successful integration of cells in the ischemic region. Coronary arterioles and capillary structures have to be formed in order to bridge the dead tissue and establish communication with the normally perfused vessels of the viable myocardium. Additionally, the new vascular supply has to permeate the engrafted myocytes to preserve their survival, and favor their growth, differentiation, and contractile function. There is an orderly organization of myocytes within the myocardium and a well-defined relationship between the parenchymal cells and the capillary network. This proportion is altered with cardiac pathology, and the goal of cell therapy is the reconstitution of the heart with its physiologic and structural properties \[[@CR16]\].

The important question is why the damaged mammalian heart fails to efficiently harness the potential of progenitor cells to create a significant amount of new cardiac muscle after injury \[[@CR1]\]. Most regenerating myocytes were found to activate regulatory sequences of the transcription factor GATA4, a gene required for embryonic heart development \[[@CR11]\]. Regenerating CMCs maintained this signature throughout the process, suggesting that the tissue had activated an embryonic program. This is consistent with results of transmission electron microscopy and sarcomere stains, which indicated that regenerating CMCs acquire a less organized sarcomeric structure during regeneration \[[@CR1], [@CR11], [@CR102]\].

In fact, during past few years a variety of stem cells types have been shown that under different experimental conditions have shown the capacity to give rise to cardiac myocytes. Cardiogenic potential has been demonstrated for bone BMSCs (presumibly ckit+/Lin-) cells mobilized with the systemic administration if cytokines, human mesenchymal stem cells, liver-derived stem cells, ECs, cells from the embryonic dorsal aorta, and multipotent adult progenitor cells from the bone marrow \[[@CR103]\]. However, the efficiency for these differentiation processes *in vivo* seems not to be enough for overcoming the loss of CMCs after infarction and producing a successful cellular repair process.

### Paracrine repair {#d30e1493}

Accumulated evidence has demonstrated that cardiac and vascular differentiation of implanted cells plays a less important role in mediating cardiac protection than previously thought. However, the time period of at least several days is required for the CSCs differentiation process. Before they develop into functional CMCs for repair purposes, CSCs may secret some molecules, which are protective against myocardial injury \[[@CR4]\]. Some studies have pointed out that stem cells mediate their beneficial effects mainly through production of paracrine factors. Stem cell secreted protective molecules have been reported to increase cell survival, reduce inflammation, promote local angiogenesis and improve myocardial function after MI \[[@CR40], [@CR42]\].

In fact, it is evident that paracrine factors play a major role in non-cardiac stem cell-mediated cardiac protection after MI. That treatment of CSCs prior to ischemia significantly improved myocardial function very soon after ischemia/reperfusion (I/R) \[[@CR4]\]. These findings indicate that CSCs are capable of producing paracrine factors to mediate acute cardiac protection. It has been documented that many growth factors and cytokines derived from stem cells improve myocardial function, promote cell survival, advance ventricular remodelling and decrease tissue damage after myocardial ischemia. Among these, VEGF is a critical factor in angiogenesis and has been shown to facilitate stem cell paracrine protection in the ischemic myocardium \[[@CR42]\]. Although the beneficial effects of SDF1 have been mainly attributable to mobilization and recruitment of stem cells into an infarcted heart, recent studies have indicated that direct delivery of SDF1 into the myocardium improved post-ischemic cardiac function within 24 h of injury. This favourable effect is due likely to preservation of myocardial tissue rather than through recruitment of stem cells. In fact, SDF1 has been shown to promote cell survival in a variety of cells including CMCs \[[@CR104]\].

However, little information exists regarding the paracrine action of CSCs in cardiac protection following myocardial I/R injury. In fact, CSCs are capable of producing substantial quantities of paracrine molecules \[[@CR93], [@CR105], [@CR106]\]. Therefore, understanding CSC-derived paracrine action is of value to promote protective effect following myocardial ischemia. To date, although a majority of studies have shown that stem cell-secreted growth factors VEGF, HGF, IGF1 and SDF1 are able to protect the myocardium against ischemic injury, it is largely unknown what component derived from CSCs contributes to the improvement of cardiac function in response to myocardial I/R injury \[[@CR4]\].

The results from an study focus on to examine effects of injecting BMSCs ckit + into the infarcted heart \[[@CR107]\] suggest that ckit + cells somehow stimulate some degree of CMCs regeneration from an endogenous progenitor or unlabeled CMC source. The results point to paracrine effects by a still unidentified signal(s) released from the transplanted cells, a signal that can enable de novo CMC creation from a still unidentified source \[[@CR1]\].

Experimental Cardiac Cell Therapy Outcomes {#Sec16}
------------------------------------------

### Bone marrow-derived cells (BMSCs) {#d30e1543}

A subset of bone-marrow-derived haematopoietic cells was the first adult stem cells reported to differentiate into CMCs when transplanted into infarcted hearts of mice \[[@CR108]\]. Animal studies of bone-marrow transplantation with labeled haematopoietic stem cells followed by MI revealed CMCs derived from the transplanted cells, but at an exceptionally low rate \[[@CR109]\]. However, other studies in animals have not demonstrated differentiation of haematopoietic progenitor cells into CMCs or improvement in cardiac function \[[@CR66]\].

On the other hand, endothelial progenitor cells, circulating BMSCs expressing ckit and Sca1 that show the potential to differentiate into ECs have not been shown to differentiate into CMCs *in vivo*, but they probably have a role in promoting angiogenesis. In addition to directly contributing to the vasculature required to deliver nutrients to new CMCs, ECs can also provide paracrine survival signals to CMCs. It has been described endothelial progenitor cells homing to ischemic tissue is mediated by SDF1, even its receptor CXCR4 has been found not only on endothelial progenitor cells but also so on mature ECs \[[@CR75]\].

Moreover, it has been report that mesenchymal stem cells can differentiate into CMCs under specific conditions *in vitro*\[[@CR110]\]. Differentiation into CMCs *in vivo* has also been observed, but at an extremely low rate. A potential advantage of mesenchymal stem cells is that they are less immunogenic than other stem cells, potentially allowing allogeneic cell therapy \[[@CR111]\]. Mesenchymal stem cells can provide paracrine growth factor support for other cells present in injured myocardium, and this could be the major mechanism for the beneficial effects of these cells. It was sounded by a report that found these cells differentiating into bone-forming osteoblasts, instead of CMCs, in transplanted mouse hearts. These results highlight the principle that even if multipotent stem cells, such as mesenchymal stem cells, have CMC differentiation potential, preventing differentiation into other cell types is a crucial consideration \[[@CR112]\].

Currently, no consensus exists on whether bone-marrow derived progenitor cells differentiate into CMCs *in vivo*.

### ckit + cardiac stem cells {#d30e1587}

*In vitro*, the ckit+/Lin- CSCs show typical stem cell properties and pluripotency, and some *in vivo* studies have shown that transplantation of these cells improves cardiac function in animal models of MI. However, the results obtained with these CSC are variable. Some studies report marked improvement in function, whereas other report non-significant effects on cardiac structural and function \[[@CR58], [@CR61], [@CR113]\].

Recently, an attractive method has been the usage of stem cells, which upon transplantation into the infarcted myocardium can repair and regenerate the lost tissue and improve cardiac function \[[@CR93], [@CR113]\]. Transplantation of CSCs into infarcted myocardium has improved cardiac functionality and myocardial remodelling \[[@CR2], [@CR17], [@CR93]\]. Therefore, the use of CSCs seems to be promising for myocardial regeneration in the treatment of MI \[[@CR4]\].

It has been report when ckit+/Lin- CSC are injected into an ischemic heart, these cells or their clonal progeny reconstitute well-differentiated myocardium formed by blood-carrying new vessels and myocytes with the characteristics of young cells, encompassing 70 % of the ventricle \[[@CR17]\]. ckit + CSCs differentiated into CMCs and vascular structures, generating a large volume of new regenerated myocardium, which led to restoration of cardiac function. It has been also report that the intramyocardial injection of ckit + CSCs or their local activation by growth factors results in significant reconstitution of the infarcted heart \[[@CR6], [@CR17]\]. These data have been confirmed for ckit + CSCs from the human \[[@CR54]\] and dog \[[@CR6]\] heart. Therefore, the use of ckit + CSCs seems to be a promising tool for myocardial regeneration \[[@CR106]\] \[[@CR4]\].

### Sca1+ progenitors {#d30e1651}

Sca1+ cardiac progenitor cells isolated from adult mice hearts can give rise to functionally beating CMCs *in vitro* \[[@CR48]\] and following intravenous injection after I/R, Sca1+ cardiac progenitor cells home to the injured mouse myocardium and differentiate into \~1.5 % new CMCs. More limited than ckit + CSC impact on myocardial regeneration was obtained with the intravenous delivery of Sca1+ cells following I/R injury \[[@CR2]\]. The impact on myocardial regeneration obtained through intravenous delivery of Sca1+ cells was more limited than the obtained by ckit CSCs.

### Cardiac mesoangioblasts {#d30e1665}

Cardiac mesoangioblasts were able to differentiate *in vitro* efficiently into mature CMCs \[[@CR47]\], although their differentiation potential has been demonstrated to be dependent on the mitochondrial load \[[@CR114]\]. It was also shown that cardiac mesoangioblasts were able to restore to a significant extent heart structure in a mouse model of coronary artery ligation although no major improvements in heart function were detected \[[@CR47]\].

### Cardiospheres {#d30e1682}

It has been described the autologous cardiosphere-derived cells were infused into the artery associated with the infarct. The effect is likely induced by indirect mechanisms, as human cardiospheres exert beneficial effects through paracrine mechanisms when injected into immune-compromised mice after MI \[[@CR105]\].

In summary, different kind of heart-derived progenitor and stem cell populations have shown variable results for their use on cardiac cell therapy. Whether the less impressive outcome was related to the route of administration, the animal model, or the distinct progenitor cell is unclear. Therefore, it is necessary to continue exploring all the cellular possibilities to develop an efficient tool to be used on cardiac cell therapy protocols.

Mechanisms to Enhance Cardiac Cell Therapy {#Sec17}
------------------------------------------

Several kinds of stem cells and progenitor cells have experimentally and clinically shown benefits. However it has been also reported that the effects observed were modest.

Pre-treatment of stem cells with cytokines is a simple procedure, and inclusion of a relatively small cDNA in a viral vector is also a feasible procedure in the context of autologous cell therapy with engineered stem cells. These strategies for example represent a novel and simple method for improving the potential of stem cells to repair damaged heart and for increasing the regeneration area and could be tailored in the future to different types of stem cells in clinical cell therapy protocols. In literature, one can find different approaches to modify and improve stem cells biology and we will proceed through some of those different methodologies (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Mechanisms to enhance cardiac cell therapy

### microRNAs {#d30e1711}

MicroRNA (miRNAs) are evolutionary conserved small noncoding RNAs encoded by introns and intergenic regions than modulate gene expression in a post-trancriptional repression by mRNA inhibition or degradation \[[@CR115]\]. It has been reported the role played by the miRNAs on control development, tissue homeostasis, differentiation modulating, proliferation, apoptosis and several diseases \[[@CR116]--[@CR118]\]. Focusing on cardiac field, miRNAs are involved on cardiac hypertrophy regulation, both apoptosis and fibroses process, and some ones are able to determined endothelial functionality as well as vessel growth \[[@CR119]\].

miRNAs have a role on pluripotency control \[[@CR120]\], self-renewal and ESC differentiation \[[@CR121]\]. It have also been described the miRNAs involvement in controlling adult stem cells and progenitors, as they can regulate cardiac progenitor cell and myoblasts proliferation \[[@CR122]\]. Postnatal switches in CMCs proliferation and regenerative capacity coincide with changes of the expression of cell cycle regulator genes, and a recent study suggested the role of microRNAs (miRNAs) in this regulation \[[@CR123], [@CR124]\]. miRNAS are also able to induce ckit + CSC differentiation. Concretely, the main miRNAs implicated in cardiac differentiation are miR-1, miR-133, miR-208 and miR-499, known as a "myomiRNAs" \[[@CR125]\]. They could be used as potent tools for increasing cardiac differentiation. Several groups have reported how the control of miRNAs may regulate the heart physiology. Besides, the combined expression of specific miRNAs enhanced the therapeutic efficacy for treatment of ischemic heart diseases, because their overexpression improve the engraftment of transplanted CSC \[[@CR126]\].

It has been also shown that miRNAs can promote reprogramming of human fibroblasts \[[@CR127]\]. miRNAs have also a role on cell reprogramming mouse fibroblast into CMC-like cell both *in vitro* and *in vivo* \[[@CR128]\]. Recently, it has been explore the possibility of adult fibroblast can be reprogrammed into CMC-like expressing specific cardiac transcription factors and muscle specific miRNAs, showing finally reprogrammed cells expressing several cardiac markers, down-expressing non-myocyte markers, showing the typically sarcomera--like structures and reporting that small reprogrammed cell subset present spontaneous beating \[[@CR33]\].

Moreover, stem cells can secret exosomes, the 40--100 nm size membrane vesicles containing miRNA \[[@CR129]\]. Increasing evidence suggested that exosomes play an important role for miRNA communication between donor cells and recipient tissues \[[@CR130]\], and exosomes mediated paracrine effect might be a novel mechanism for beneficial effect of CPC transplantation. Exosomes from BMSCs have been reported to reduce myocardial I/R injury ex vivo \[[@CR3]\].

The administration of purified CPC exosomes can efficiently protects CMCs from oxidative induced apoptosis *in vitro* and acute myocardial apoptosis in mouse models of acute MI \[[@CR3]\]. For myocardium with acute I/R injury, myocardial injury is potential reversible if treated with cardioprotective exosomes early during the critical time window \[[@CR131]\].

### Homing/Migration {#Sec18}

Very often the new cells that replace the dead ones migrate from specific niches within the tissue or from distant environments such as the bone marrow \[[@CR132]\]. Different mechanisms have been used to increase the migration and homing of stem cells. In fact, the use of cytokines and surface molecules has been extensively studied during recent years \[[@CR132]--[@CR134]\].

As instance, it has been shown that cardiac mesoangioblasts restore to a significant extent heart structure and function in mouse model of CAL \[[@CR47]\]. However, the partial effect observed in this model was attributed to the limiting homing of these cardiac mesoangioblasts to the heart, likely due to their retention in filter organs \[[@CR47]\]. To increase the efficiency of cardiac repair by cardiac mesoangioblasts it would be necessary to increase their homing and survival in the heart, with the additional benefit of reducing unspecific trapping in the capillary filters of the body. It has been recently reported that the expression of L-selectin together with the exposure of cells to SDF-1 improved the homing of cardiac mesoangioblasts to the infarcted free wall of the heart; it has also been reported that this treatment improved the recovery of the left ventricular wall motion after infarction and the quantity of regenerated myocardium \[[@CR133]\].

### Improving Differentiation Protocols {#Sec19}

It seems a rare and difficult task for differentiated cells to switch a determined lineage under natural conditions. However, accumulative evidence demonstrates that experimental manipulations can overcome this hurdle. Recent findings indicate that forced expression of fate-determining transcription factors can eventually wrest control of the developmental program of a cell type that has previously been committed to a specific lineage \[[@CR1]\].

Different kinds of strategies have been explored to enhance cell differentiation capacity. Not only the cellular co-culture in presence of neonatal CMCs but also it has been extensively used the chemical treatment by 5′azacitidine, which is a drug that induces cardiac transcription factor expression, promoting cell differentiation.

Besides, different pharmacological drugs have been described to enhance organ regeneration and tissue repair or to decrease inflammation produced after injury as well as to promote angiogenesis. For example, the β-blockers can increase the myocardial load and to promote de neuro-hormonal activation in patients after MI \[[@CR135]\].

Moreover, gene therapy allows promote cardiac differentiation through overexpressing the specific cardiac markers as well as down-regulating the "stem-ones" using a viral vectors \[[@CR33]\]. Besides, it is possible to influence on cellular gene profile through miRNAs o by reprogramming technology. To increase the therapeutic potency of mesenchymal stem cells, they have been genetically modified to over-express not only the typical cardiac transcription factors, but also pro-survival factors, angiogenic factors, growth factors, or stem-cell homing factors \[[@CR136]\].

Surprisingly, it has also been attributed a key-role of mitochondria in cardiac differentiation. Recently, two cardiac stem cells clones with different cardiogenic potential have been reported to differ mainly in the mitochondrial load. Slowly dividing clones showing a higher quantity of mitochondria responded efficiently to 5′azacytidine chemical treatment reaching mature cardiac cell differentiation; in contrast, the other cardiac clones subset, which showed fast dividing turn-over but with lower mitochondrial quantity, did not respond to chemical differentiation treatment \[[@CR114]\]. Therefore, mitochondrial load could be also a tool to further develop on cardiac cell therapy.

### Matrix/Scaffolds {#Sec20}

It has also been explored the tissue bioengineer possibilities as an alternative or complementary strategy on cardiac cell therapy. Biomaterials have been used for in situ cardiac tissue engineering both as an alone acellular solution and as a hybrid therapy combined with cell or other therapeutic strategies. Biomaterials can be used in situ to increase wall thickness, to restore the heart geometry, and to provide support of an injured left ventricle \[[@CR137]\]. Much research effort has been focused on naturally occurring polymers such as collagen and chitosan \[[@CR138]\].

Biomaterials-based expansion and lineage specific differentiation has been achieved with murine ESCs and MSCs \[[@CR139]\].

Besides, scaffold-free hESC-derived cardiac patches have been demonstrated to be successful, along synthetic polymers, hydrogels as well as other natural polymers such as fibrin or collagen I \[[@CR138]\].

The use of three-dimensional (3D) cultures may induce cardiac progenitor cells to synthesize their own extracellular matrix (ECM) and sarcomeric proteins to initiate cardiac differentiation. 3D cultures grown on synthetic scaffolds may favour the implantation and survival of stem cells for cell therapy when pharmacological therapies are not efficient in curing cardiovascular diseases and when organ transplantation remains the only treatment able to rescue the patient\'s life. Silk fibroin-based scaffolds may be used to increase cell affinity to biomaterials and may be chemically modified to improve cell adhesion. From that, it has been studied a porous, partially orientated and electrospun nanometric nets, where cardiac progenitor cells isolated from adult rats were seeded by capillarity in the 3D structures and cultured inside inserts for 21 days. It has been report that these cells expressed a high level of sarcomeric and cardiac proteins and synthesized a great quantity of ECM. Specifically, partially orientated scaffolds induced the synthesis of titin, which is a fundamental protein in sarcomere assembly \[[@CR140]\].

Tissue-engineered heart valves (TEHV) have been proposed as a promising solution for the clinical needs of pediatric patients. *In vivo* studies have shown TEHV leaflet contraction and regurgitation after several months of implantation. It has been developed a mature ECM in a fibrin-based scaffold that generates commissural alignment in TEHV leaflets and then removed these cells using detergents \[[@CR141]\].

#### Induced pluripotent stem cell (iPS) {#d30e1878}

iPS cells, like ES cells, are also a highly attractive tool \[[@CR31], [@CR32]\], As it has been already shown with notable examples is the derivation of iPS cells from adult somatic cells\[[@CR31]\]. iPS cells were established by overexpression of four reprogramming transcription factors (Oct3/4, Sox2, Klf4 and c-Myc) in fibroblasts \[[@CR32]\]. Relevant to cardiac cells, direct differentiation of non-cardiogenic mesoderm \[[@CR142]\], of ES cells \[[@CR143]\] and reprogramming of cardiac or dermal fibroblast \[[@CR144]\] into beating CMCs have been demonstrated and is becoming efficient. iPS cells contributed to the formation of all cardiovascular lineages and their implantation supposed a recovery improvement after MI \[[@CR145]\].

A new proposal on cardiac field related on reprogramming technology is to develop de novo CMC as a potential alternative source by "direct reprogramming of murine cardiac fibroblast and other kind of adult cells to CMC by through typically cardiac transcription factors such as GATA4, Mef2c and Tbx5 \[[@CR144]\]. This approach allow cardiac fibroblast reprogramming to be used for *in vivo* regeneration using these transcription factor by their direct delivery \[[@CR146]\]. Reprogramming fibroblast into CMC modification methods has been proposed using exogenous expression of pluripotency genes (Oct4, Sox2 and Klf4) to be differentiated into a cardiac cell lineage \[[@CR147]\].

Yet, an ideal scenario would involve targeted reprogramming of an abundant resident source in the heart, one that could trans-differentiate to the myocardial lineage with minimal steps \[[@CR1]\]. Although the underlying mechanisms remain understood and their safety is still an opened question due to retroviral gene transfer, reprogramming is an exciting methodology for generating patient-derived CMCs.

Cardiac Cell Therapy on Clinical Trials {#Sec21}
---------------------------------------

Several stem cell populations, such as ckit + cells \[[@CR148]\] and bone marrow mononucleated cells \[[@CR149], [@CR150]\], have been subjects of clinical trials in patients with heart disease.

Although several types include somatic stem cell from adult tissues have been used to reconstitute myocardium \[[@CR151]\], BMSC have been the most widely used and recently tested in clinical trials \[[@CR152], [@CR153]\]. There has been a flurry of reports of human myocardial therapy using BMSCs \[[@CR154], [@CR155]\] based, in part, on early results with myocardial regeneration with the BMSC \[[@CR35]\].

Clinical studies suggest that cell-based therapy with EPCs can improve myocardial function. So far, most clinical studies have used bone-marrow mononuclear cells and showed either no benefit or small, but possibly clinically important, improvements in cardiac function. The mechanisms of these functional improvements are unknown, but it is unlikely that the improvements result from differentiation of the injected cells into CMCs. Growth factor and cytokine release by injected cells is frequently suggested as a potential mechanism of action \[[@CR156]\], and improved microvascular function has been shown in the REPAIR-AMI study \[[@CR157]\]. In clinical trials, transplantation of non-cardiac stem cells such as skeletal muscle progenitor and BMSC has results in minor improvement in left ventricle ejection fraction, but it has been also shown that induce arrhythmias \[[@CR158]\].

The modest effects of clinical studies using intracoronary administration of autologous bone marrow-derived mononuclear cells (BMMCs) in patients with chronic post-infarction heart failure may be attributed to impaired homing of BMMCs to the target area \[[@CR149]\]. Extracorporeal shock wave treatment has been experimentally shown to increase homing factors in the target tissue, resulting in enhanced retention of applied BMMCs \[[@CR159]\]. Shock wave tissue pretreatment facilitated intracoronary administration of BMCs result in a regional wall thickening improvement as it has been reported on the CELLWAVE clinical trial. Determining whether the increase in contractile function will translate into improved clinical outcomes requires confirmation in larger clinical end point trials \[[@CR149]\].

The catheter based intra-myocardial stem cells delivery is another important administration system that has been developed in recent years \[[@CR160]\]. This system has been demonstrated to be more efficient and safe in clinical trials, increasing the engraftment rate in cell therapies.

Cardiopoietic stem cell therapy improves left ventricular function and blunts pathological remodeling. C-Cure clinical trial focus on evaluate the feasibility and safety of autologous BMSC and cardiogenically-oriented mesenchymal stem cell therapy, and probe for efficacy signals in patients with chronic heart failure has shown the left ventricular ejection fraction was improved by cell therapy \[[@CR161]\].

Regarding ckit + CSC/resident cardiac precursors, they offer an alternative or complementary therapeutic approach to harness the endogenous regenerative potential without exogenous delivery of stem cells \[[@CR112]\]. The extraordinary clinical potential of myocardial repair makes the dissection of the biology of the CSC a challenging and exciting endeavor \[[@CR16]\]. It is intuitively apparent that resident CSCs are the preferential cells to be tested for cardiac repair, not only due to these cells are programmed to make myocytes and vascular structures but also due to this cell population suppose an endogenous cell source that is one of the major goals in regenerative medicine \[[@CR6], [@CR17]\].

SCIPIO clinical trial \[[@CR148]\] study the use of autologous CSCs for the treatment of heart failure resulting from ischaemic heart disease. The phase I showed an increase of LVEF as well as a decrease of infarct size at 4 month after infusion. Importantly, the salubrious effects of CSCs were even more pronounced at 1 year. SCIPIO outcome suggests that intracoronary infusion of autologous CSCs might be effective in improving LV systolic function and reducing infarct size in patients with heart failure after MI \[[@CR148]\]. They have recently published the preliminary communication analyzing the myocardial function and viability by magnetic resonance \[[@CR162]\].

In summary, enormous efforts have been made in the treatment of patients with cardiac diseases using stem cells therapies but now new important questions have been raised and bench work could be the better answer to improve strategies.

Prospects of Myocardium Regeneration {#Sec22}
------------------------------------

Therefore, although during the latest years our knowledge on cardiac stem cells biology and their properties have been tremendously improved, still the answer for improving the repair and regeneration of the heart has turned out uncompleted. It is required to join efforts back to the bench and try to understand further the mechanistic properties of the cardiac cells as well as the heart tissue structure and function. To note that important concepts can be extrapolated from the cardiac development studies, without forgetting that it is possible that cardiogenesis and cardiac regeneration might result from distinct differentiation programs.
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